The interconnection between immune and neuroendocrine systems influences regulation of inflammatory responses. The possible relevance that this integrative response may have during the course of Chagas disease remains poorly characterized. In this context, our study was designed to determine the expression of vasoactive intestinal peptide (VIP), a neuropeptide with anti-inflammatory properties, in blood from the indeterminate and cardiac polarized forms of Chagas disease. Moreover, we determined whether the differential expression of VIP is associated with the development of cardiomyopathy in individuals infected with Trypanosoma cruzi. Finally, we analyzed gene polymorphisms of VIP receptors, VPAC1 and VPAC2, and performed correlation analysis of these polymorphisms with the different clinical forms of Chagas disease. Our results demonstrated that low plasma levels of VIP were associated with the cardiac morbidity in Chagas disease. Accordingly, correlation analysis showed that low plasma levels of VIP were associated with worse cardiac function, as determined by left ventricular ejection fraction and left ventricular diastolic diameter values. Polymorphism analysis showed a significant association between VPAC1 and the indeterminate form of Chagas disease development. Our data indicate that VIP expression and its receptors' polymorphism may be important in determining susceptibility to progression from mild to severe forms of Chagas disease. Ó
Introduction
Human infection with Trypanosoma cruzi leads to Chagas disease, which presents as different clinical manifestations ranging from an asymptomatic form to a severe dilated cardiomyopathy. Approximately 8 million people are currently infected, of which 25-35% show heart disease. Chagas cardiomyopathy is the most severe clinical manifestation in Chagas disease and the greatest cause of morbidity and mortality [1] .
Development of protective or pathogenic outcomes in human Chagas disease is highly influenced by the immune response generated during T. cruzi infection. The anti-parasite reactivity, essential for disease chronification, leads to pathology establishment if not properly modulated [2] . The identification of endogenous factors that control exacerbated immune responses is a key goal for the development of new preventive and therapeutic approaches for infectious and inflammatory diseases.
Neuropeptides produced during an ongoing inflammatory response have emerged as endogenous anti-inflammatory agents that can influence the homeostasis of the immune system. These neuropeptides act by regulating the balance between pro-inflammatory and anti-inflammatory factors and by inducing the emergence of regulatory T cells [3] [4] [5] .
Vasoactive intestinal peptide (VIP) is a 28-aa neuropeptide with a broad distribution in the body and exerts a role as a modulator of the homeostasis of the immune system. VIP is a potent anti-inflammatory agent that affects both innate and adaptive immunity [4] . 0198 VIP exerts its biological activities by binding to closely related class II G protein-coupled receptors, VIP receptor type 1 (VPAC1) and VIP receptor type 2 (VPAC2), that have similar affinities for the peptide 6 . Various immune cells constitutively express VPAC1, including T cells, macrophages, and dendritic cells, while VPAC2 is scarcely expressed and is induced by immune stimulation [6, 7] . VPAC1 and VPAC2 are coupled to adenylate cyclase activation and subsequent activation of the protein kinase A (PKA) in immune cells [25] . The first effect of cAMP/PKA pathway is to phosphorylate the cAMP response element binding protein (CREB) which then binds to the co-factor, CREB binding protein (CBP), and prevents its interaction with nuclear factor kB (NFkB) [26] , thus reducing the activity of NFkB [27] . Secondly, the cAMP dependent pathway inhibits phosphorylation of MAP/ERK kinase (MEK) kinase 1 (MEKK1) which in turn inhibits the MEKK3/6/p38 pathway and ultimately the phosphorylation of another NFkB co-factor, the TATA-box binding protein (TBP) [26] , which then has reduced affinity for both NFkB and DNA. A PKA-independent pathway inhibits the activity of inhibitory kB kinase (IkK) which prevents phosphorylation of the IkB, and increases the stabilization of IkB/ NFkB complexes which prevents nuclear translocation of NFkB subunits [26] . The cAMP/PKA pathway appears to be the major signaling pathway for the anti-inflammatory action of VIP in macrophages, monocytes, DCs, microglia and in the regulation of the T lymphocyte response. There is increasing evidence for a beneficial role of VIP in animal models of chronic inflammation [4] and, more recently, the immunoregulatory activity of VIP in human diseases was described [3, [8] [9] [10] [11] .
During the chronic phase of Chagas disease, differential immune profiles may be the defining factor which allow establishment of a well controlled immune response as observed in the indeterminate clinical form, or a response which continues to manage patent parasitemia and leads to pathology as observed in cardiac and digestive clinical forms [28] . Several studies have demonstrated that activated CD4 and CD8 T-cells are present in all clinical forms of Chagas disease, however, recent studies have also demonstrated differences among clinical forms in terms of relative production of inflammatory cytokines and expression of regulatory molecules such as CTLA-4 [29] . It was observed that patients with the indeterminate clinical form of chronic Chagas disease present higher percentages of CD4+CD25 high T cell population secreting IL-10 expressing FOXP3 [30] , besides, T cells from indeterminate patients present higher extracellular expression of regulatory molecules, such as CTLA-4. On the other hand, cardiac patients, elicit a robust immune response against the parasite, with higher levels of pro-inflammatory cytokines such as IFN-c and TNF-a, contrasting with low levels of IL-10 [31] [32] [33] . Although Chagas disease cardiomyopathy is a result of an inflammatory reaction, data concerning VIP function in the scenario of chagasic cardiomyopathy are lacking in literature.
We hypothesize that low VIP expression is associated with the development of cardiomyopathy in chronic Chagas patients. Thus, this study was designed to investigate the plasma levels of VIP in the polarized forms of Chagas disease and to identify a possible correlation between VIP expression and clinical markers of cardiac disease severity. In addition, we investigated the association of VIP receptors polymorphisms with the susceptibility to development either the indeterminate or the cardiac form of Chagas disease.
Materials and methods

Patients
This study employed a cross-sectional design that involved patients from Chagas endemic areas in Minas Gerais, Brazil (under the medical care of M.O.C.R.). A total of 148 individuals were included in this study (57 patients with chagasic cardiomyopathy -C, 51 patients with indeterminate form -I, 40 non-infected individuals -NI). Detailed evaluations, including physical examinations, an electrocardiogram, chest radiographs and an echocardiogram were performed to classify patients into different clinical groups, as we have described elsewhere [12] . These clinical groups were as follows: indeterminate patients (I), who were asymptomatic with a normal chest radiograph, electrocardiogram, barium swallow, and enema; and dilated cardiomyopathy patients (C) who presented a dilated left ventricle with impaired systolic function. We also included in our analysis individuals without Chagas disease (NI), as determined by specific negative serological test results. The numbers of individuals included in the different analyses are specified in the description of the assays below. The exclusion criteria were as follows: presence of arterial hypertension, diabetes mellitus, thyroid dysfunction, renal insufficiency, chronic obstructive pulmonary disease, and/or rheumatic or autoimmune diseases. Informed written consent was obtained from all individuals, and the study was approved by the Research Ethics Committee of Universidade Federal de Minas Gerais (COEPUFMG-ETIC006/05).
Quantification of VIP by ELISA
For this assay, a total of 80 individuals were analyzed. This is a study of observational nature, using convenience samples from a plasma repository. All the plasmas were obtained from individuals treated in the Center of Reference and Training in Infectiousparasitic diseases of the Federal University of Minas Gerais Medical School. All the individuals are under the same clinical criteria which would avoid discrepancies of classification and treatment. Blood samples were collected from patients, Indeterminate (I; n = 26), Cardiac (C; n = 26) and non-infected individuals (NI; n = 28), after signing informed consent. Samples were collected into EDTA containing tubes and centrifuged to separate plasma from whole blood. VIP levels in plasma were measured using a specific competitive ELISA kit (Uscn Life Science, Huston, TX) according to the manufacturer's protocol. Plates were read at 450 nm with a microplate spectrophotometer and results were analyzed.
VIP levels and clinical variables association
After clinical characterization, a sample of nine individuals was selected for evaluation of the association between plasma levels of VIP and heart function. The chagasic patients presented the indeterminate (n = 4) or cardiac (n = 5) forms of Chagas disease. Leftventricular ejection fraction (LVEF) was used as a systolic dysfunction parameter, while left-ventricular diastolic diameter (LVDD) was used as a left ventricular structural alteration parameter. Characteristics of the patient groups included in the association studies between VIP levels and clinical function are summarized in Table 1 .
DNA isolation
Cells from 148 individuals (57 patients with chagasic cardiomyopathy -C, 51 patients with indeterminate form -I and 40 non-infected individuals -NI) were obtained by the use of an oral swab procedure performed with a sterile disposable swab. DNA extraction was performed by the method described by Boom (1990) and modified as follows [13, 14] . The swab was immediately immersed in 1.5-ml sterile microtubes containing 1000 ll of Krebs buffer (NaCl 124 mM, KCl 4 mM, MgSO 4 1 mM, C 6 H 12 O 6 10 mM, C 8-H 17 N 2 NaO 4 S 23 mM). A pellet of epithelial cells was obtained by centrifugation at 11.000 rpm for 5 min.
The supernatant was removed and 20 ll of silica (SiO 2 , Sigma, St Louis, MO, USA) and 450 ll of lysis buffer (4.0 M GuSCN, 50 mM Tris-HCl pH6.4, 22 mM EDTA and 1.2% Triton X-100) were added to the microtubes. Samples were homogenized by using a Vortex and incubated for 30 min at 56°C. After this incubation, samples were submitted to another centrifugation and the supernatant was discarded. The pellet obtained was washed twice with 450 ll of washing buffer (6.0 M GuHCl, 60 mM Tris-HCl pH 6.4), twice with 450 ll of 70% ethanol, once with 450 ll acetone and dried at 56°C for 30 min. Finally, 100 ll of TE buffer (10 mM Tris-HCl pH 8.0 and 1 mM EDTA pH 8.0) was added and incubated at 56°C for 12 h to release the DNA. After incubation, the solution was homogenized, centrifuged and the supernatant containing DNA transferred to a new tube. DNA concentration and quality were determined with NanoDrop ND-1000 spectrophotometer (NanoDrop Technology, Wilminton, DE), and stored at À20°C until use. The characteristics of study group are showed in Table 2 .
SNP genotyping of VPAC1 and VPAC2
Two SNP sites of VIP receptor genes, VPAC1 (rs342511) and VPAC2 (rs885861) were analyzed using TaqMan validated SNP Genotyping assays (Applied Biosystems). The SNPs rs342511 and rs885861 present Global Minor Allele Frequency of 0.365 and 0.339, respectively. The allelic frequency for the analyzed groups was calculated considering the frequency of each allele per patient, in the homozygous and heterozygous genotypes. Briefly, PCR was run in a Multiplate 96-well unskirted PCR plate (BioRad) with 50 ng genomic DNA, 10 ll of TaqMan Ò Genotyping Master Mix (Applied Biosystems) and 1 ll 20X TaqMan Ò SNP Genotyping Assay (assay IDs: C_3033185_10, and C_1245817_1). The plate was thermal cycled for 10 min at 95°C as hot start activation, which was followed by 40 cycles of denaturation for 15 s at 95°C and an annealing/extension step of 1 min at 60°C on the CFX96™ Real-time PCR (BioRad). The plate was post read for allelic discrimination on the ABI 7000 and results were analyzed using Bio-Rad CFX Manager (version 1.1).
Statistical analysis
Differences of VIP plasma levels between the groups were assessed using Kruskall Wallis test followed by Dunn's multiple comparison test. Results were given in mean ± standard deviation (SD). Correlation analysis for VIP expression and LVEF and LVDD values were performed using linear regression and Pearson correlation coefficient. P < 0.05 was considered statistically significant. Genotypes analyses were performed using the Chi-squared test (v 2 ) to compare genotypic and allele frequencies between clinical groups. For 2 Â 2 contingency table, the odds ratio (OR) was calculated using a 95% confidence intervals (CI). The clinical groups obeyed Hardy-Weinberg equilibrium when the expected and observed genotypic frequencies were compared. Bonferroni correction was applied to the results, considering the two polymorphisms analyzed. Statistical analysis of data was performed by using GraphPad Prism statistical software (version 5.01; San Diego, CA) and Statistical Package for Social Science for Windows (SPSS -version 12.0).
Results
Low plasma levels of VIP are associated with the cardiac morbidity in Chagas disease
Plasma levels of VIP were measured in indeterminate chagasic patients (n = 26), cardiac chagasic patients (n = 26) and non-infected individuals (n = 28). Plasma levels of VIP were significantly lower in indeterminate patients (7.57 ± 3.3 pg/ml) and cardiac patients (5.22 ± 2.4 pg/ml), when compared to non-infected individuals (11.04 ± 4.6 pg/ml) (Fig. 1A) . The comparison of VIP plasma levels between chagasic groups reveled that cardiac patients present significantly lower levels of VIP (5.22 ± 2.4 pg/ml) when compared to indeterminate individuals (7.57 ± 3.3 pg/ml) (Fig. 1A) .
Given the observed association between lower plasma levels of VIP and the cardiac form of Chagas disease, we proposed to evaluate the correlation between plasma levels of VIP and echocardiographic parameters of left ventricular systolic function and left ventricular structural remodeling, LVEF and LVDD, respectively. We observed a correlation between low levels of VIP and low LVEF values (R 2 = 0.59, p = 0.008) (Fig. 1B) . Conversely, we observed a correlation between low levels of VIP and high LVDD values (R 2 = 0.6, p = 0.007) (Fig. 1C) . Thus, higher levels of VIP were correlated with high LVEF values and low LVDD values, which represent healthier heart function and are related to a better prognosis for Chagas disease (Fig. 1B and C) .
VPAC1 polymorphism is associated with indeterminate form of Chagas disease development
We addressed whether a VPAC1 gene polymorphism was potentially associated with the development of the indeterminate or cardiac forms of Chagas disease. Since SNPs in the promoter region have not been described for the VPAC1 gene, we focused on the VPAC1 3 0 UTR, that may contain regulatory sequences. We selected the genetic variant rs342511 (T>C). For the analysis of VPAC2 polymorphism, the SNP site, rs885861 (C>T), was chosen. This VPAC2 SNP site is also mapped to the 3 0 UTR region. Table 3 shows the distribution of the VPAC1 and VPAC2 genotypes in the analyzed groups: Indeterminate (I), Cardiac (C), Chagasic (C + I) and Non-infected (NI).
The two VPAC SNPs tested were observed to be in Hardy-Weinberg equilibrium in the population under study (Table 3) . With regards to VPAC1 rs342511 polymorphism, comparison between the three different genotypes in the analyzed groups did not show statistically significant differences (Table 3) . Interestingly, the pres- Table 3 ). No statistical difference was found when comparing between the C + I and NI groups. In relation to VPAC2 (rs885861) polymorphism, association of the SNP with clinical forms of Chagas disease was not found, nor were differences of genotype distribution between groups ( Table 3) . The allele frequencies were analyzed in the study groups, however, differences were not observed between any of evaluated SNPs considering: indeterminate versus cardiac, or chagasic versus noninfected individuals (Table 4) .
Discussion
Most individuals infected by T. cruzi do not develop patent disease; however, a large percentage may develop severe forms that eventually lead to death [2] . Chagasic cardiomyopathy affects approximately 2 million people and results in an estimated 11,000 deaths every year, making it a leading cause of heart failure in Latin America [15] . Chagas Cardiomyopathy is characterized by focal or disseminated inflammatory infiltrates and progressive fibrosis, resulting in damage to the extracellular matrix and replacement of cardiac myocytes and vascular cells by fibrous tissue, with remodeling of the myocardium and vasculature [16] . The goal of this study was to evaluate the existence of a possible correlation between circulating vasoactive intestinal peptide (VIP) and chagasic cardiomyopathy. In addition, since genetic factors may be associated with the profile of host immune response to T. cruzi infection, influencing the course of Chagas disease, we evaluated the association between VIP receptor polymorphisms and the susceptibility to indeterminate or cardiac Chagas disease development.
Our results demonstrated that individuals with the cardiac form of Chagas disease present low plasma levels of this neuropeptide. Additionally, we showed that the lower the expression of VIP, the worse the heart function of chagasic patients, as measured by LVEF and LVDD.
Vasoactive intestinal peptide has been shown to be one of the endogenous factors involved in the maintenance of immune tolerance. Administration of VIP ameliorates clinical signs in various experimental autoimmune disorders [4] . Findings from human diseases confirm the important role of VIP in controlling immune responses. A study investigating whether the exacerbated inflammatory autoimmune response in rheumatoid arthritis (RA) patients would result from altered expression and/or signaling of VIP receptors in immune cells, revealed that the deficient expression of VPAC1 in immune cells of RA patients was associated with the predominant proinflammatory Th1 milieu found in this disease [17] . Immune cells derived from RA patients were less responsive to VIP signaling than were cells from healthy individuals; they also showed reduced VIP-mediated immunosuppressive activity, rendering leukocytes and synovial cells more proinflammatory in RA patients [17] . An altered expression of VIP receptors on T cells has been related to aberrant Th1 immunity in patients with multiple sclerosis and RA [8, 10] . In addition, the significantly reduced levels of VIP found in patients with lupus and autoimmune thyroiditis have been related to the existence of high amounts of autoantibodies with VIPase activity [11] . These findings support the hypothesis that reduced levels of VIP and/or deficiencies in their receptors and signaling are associated with susceptibility to inflammatory and autoimmune diseases.
A study characterizing the expression of neurochemical markers in the enteric nervous system from chagasic patients with megacolon reveled that inhibitory motor neurons, NOS and VIP immunereactive, are preferentially destroyed by T. cruzi and/or the inflammatory process. Depletion of NOS and VIP containing neurons may prevent smooth muscle relaxation in the damaged colon of these patients, affecting transit, colonic tone, or muscular relaxation responsible for decreased outlet resistance [18] . Interestingly, a study evaluating the regeneration tax of cells from enteric nervous system of chagasic patients with megacolon showed that regeneration levels of inhibitory motor neurons expressing VIP and NOS neuropeptides were increased in chagasic patients when compared with noninfected individuals [34] . It is possible that the increase in the regeneration occurred due to an increased destruction of selective neuronal types. These results corroborate with previous studies that pointed out the selective destruction of VIP and NOS neurons in chagasic patients [18] and might represent a direct response of the host to compensate the inhibitory loss of neurons caused by the parasite [34] . Nitric oxide and vasoactive intestinal peptide, aside from participating in the relaxation of the colon musculature, also have a role in the inflammatory response and could be influencing the local inflammatory response. The same group demonstrated that dilated portions of colon from chagasic patients with megacolon present high levels of substance P (SP) expressing neurons. Substance P is a neuropeptide related to pro-inflammatory function [35] . Corroborating this finding, Nascimento and co-workers observed that in esophageal sections from T. cruzi infected individuals with megaesophagus, VIP immunoreactive areas were dramatically decreased when compared with uninfected and infected individuals without megaesophagus. On the other hand, morphometric analyses revealed increased SP positive relative areas in esophageal sections from patients with megaesophagus [36] . Those data suggest that the imbalance between VIP and SP production could result in the reestablishment and maintenance of the inflammatory process in patients with megaesophagus. Our study showed, for the first time, a decreased expression of VIP in chagasic patients presenting cardiomyopathy, such as observed by other authors studying the digestive form of Chagas disease [18, [34] [35] [36] . Cardiac manifestations of Chagas disease are attributed to multifactorial causes, including parasite persistence, vascular impairment, destruction of ganglia of the autonomic nervous system and autoreactivity [19] . An important question to investigate is if the lower levels of VIP in these patients are a result of neuronal and/or immune cell dysfunction. This opens new perspectives for understanding the role of VIP in the genesis of T. cruzi-related cardiac dysfunction.
In the genotypic study, we showed that VPAC1 (rs342511) gene polymorphism was associated with the indeterminate form of Chagas disease. The T allele was more frequent in the indeterminate group than in the cardiac group. Our data suggest that the presence Table 4 Distribution of the VPAC12234 and VPAC2 3263 alleles in the groups.
Alleles
Indeterminate (I -n = 51) Cardiac (C -n = 57) Chagasic (C + I -n = 108) Non-infected (NI -n = 40) I vs C (p value) C + I vs NI (p value) of ancestral T allele may be involved with maintenance of the asymptomatic form of Chagas disease. Recently, a study involving eight tested VPAC1 3-UTR SNPs (rs7636205, rs897, rs895, rs896, rs342511, rs14380, rs8913, rs9677) in 381 RA individuals, showed that the VPAC1 rs342511 presented a significant association with susceptibility to RA and the number of rs342511 T/T homozygous individuals was significantly increased among RA patients compared with healthy controls [17] . In the same study, it was observed that 6 tested VPAC1 3-UTR SNPs (rs7636205, rs897, rs895, rs896, rs342511, and rs8913) showed strong pairwise linkage disequilibrium (LD), forming a defined haplotype block. Interestingly, the haplotype containing the rs342511 variant allele, ACCCAC, was significantly associated with RA predisposition, while the haplotype containing the rs342511 ancestral allele, ATTTGT, showed a protective effect. However, differences between the 2 haplotypes in terms of VPAC1 expression or VIP-induced cAMP production in PBMCs from RA patients were not observed. Finally, investigating the potential relationship between altered expression of VPAC1 and the different haplotypes in synovial cells isolated from RA patients revealed that fibroblast-like synoviocytes (FLS) from RA patients with the protective haplotype ATTTGT showed increased VPAC1 expression and an increased percentage of VPAC1-positive cells following activation. In contrast, VPAC1 expression was slightly reduced in activated FLS from RA patients with the predisposition haplotype. This paralleled the finding that VIP significantly reduced the production of inflammatory cytokines in activated synovial cells from patients with the haplotype ATTTGT, but not in FLS from patients with other haplotypes. Collectively, these findings support the notion that the protective VPAC1 haplotype ATTTGT is associated with increased VPAC1 expression and VIP response by activated synovial inflammatory cells [17] . Preliminary haplotype analysis between the SNPs present in 3 0 UTR, rs342511and rs897, in cells from chagasic patients, indicated occurrence of linkage disequilibrium between these polymorphisms (data not shown), in accordance with the data observed in RA patients [17] . The expansion of VPAC1 SNP studies are necessary to define the existence of haplotype blocks that could be related to development of different forms of Chagas disease based on differential cellular expression of VPAC1 and/or cellular VIP response. Since 3 0 UTR may contain regulatory sequences, polymorphisms in this region could result in alteration of VPAC1 expression by preventing the binding of transcription factors to the gene or, instead, microRNAs could recognize and bind to partially complementary sites in the 3 0 UTR of target genes, regulating protein production of the target transcript [20, 21] . The correlation between SNPs and VPAC1 cellular expression and the cellular response to VIP should also be investigated. In our study we did not perform analysis of the cellular expression of VPAC1 in Chagas patients, further studies will be necessary to confirm if there is association between VPAC1 expression and VPAC1 gene polymorphisms.
Considering VPAC2 (rs885861) polymorphism, differences in genotypes or allele frequencies between chagasic individuals and the non-infected group were not observed. Reduced levels of VIP and altered expression of VPAC2 in T cells from patients with multiple sclerosis were recently reported [10] ; however, the results failed to support the notion of genetic polymorphisms within the VPAC2 genes in that disease [10] . VPAC2 is the inducible VIP receptor and its functions, based on research using VPAC2 deficient mice, are related to the shift toward a Th2-prominent response [22] [23] [24] . A study using mouse model of RA and treatment with VPAC1 and VPAC2 agonists, showed efficiency of only VPAC1 in ameliorating symptoms and preventing joint damage, suggesting that VPAC2 may have a secondary role in the regulation of immune functions mediated by VIP [17] . As Chagas disease is a multifactorial illness, functional studies investigating the influence of the VPAC2 and its polymorphisms on development of the disease are needed.
In conclusion, we demonstrated that the higher the expression of VIP, the better the heart function as evaluated by LVEF and LVDD levels, suggesting a protective role for VIP in Chagas disease pathology. Lower levels of VIP are associated with left ventricular dysfunction, and its lower expression may be a predisposing factor driving individuals infected with T. cruzi to develop cardiac disease. Moreover, we described a genetic association of the VPAC1 receptor with Chagas disease: T allele frequency of the VPAC1 rs342511 may be involved with the maintenance of the indeterminate form. Additional studies will be necessary to understand the functional role of VIP and its receptors in Chagas disease.
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